Abstract. The RADARSAT-2 ground segment has been designed based on the need to support the advanced capabilities of the RADARSAT-2 spacecraft, the need to support a commercial mission with increased data and order volumes, and the body of experience and lessons learned from the operation of the RADARSAT-1 mission. The design was produced in consultation with the key organizations and agencies that will be critical to the success of the mission. The ground segment is responsible for operating the spacecraft, accepting and implementing orders, planning and tasking for image acquisition, product processing and distribution, and image quality control. Support is provided for the addition of external network stations via a complete set of interfaces and the ability to reuse ground segment building block components. This paper presents the architectural design of the ground segment and describes its key features, including the main enhancements from RADARSAT-1.
Introduction
The RADARSAT-2 ground segment provides functions for operating the spacecraft, accepting and implementing orders, planning and tasking for image acquisition, product processing and distribution, and image quality control. The context of the ground segment within the major mission entities is illustrated in Figure 1 .
The ground segment interacts with the following entities:
(1) The operations segment consists of the trained staff that operates the ground segment and the plans and procedures required to operate the mission.
(2) The commercial distributor, RADARSAT International (RSI), handles end-user requests for RADARSAT-2 products. A member of the distributor's staff, termed a customer service representative/acquisition planner (CSR/AP), is responsible for accepting orders from end users.
(3) The Canadian Government CSR/APs handle requests for RADARSAT-2 products from Canadian Government end users.
(4) End users interact with CSR/APs to specify their operational or research needs and receive RADARSAT-2 products.
(5) The RADARSAT-2 spacecraft receives commands from the ground segment and sends telemetry to the ground segment via an S-band link. Synthetic aperture radar (SAR) data are received by the ground segment via an Xband link. The spacecraft transmits and receives radar signals in C-band.
(6) External telemetry tracking and command (TT&C) facilities are used in addition to TT&C stations included in the ground segment to support RADARSAT-2 launch and early orbit operations (LEOP) and provide contingency support during routine operations.
(7) External order management facilities serve local users. They manage their own orders and request acquisitions from the ground segment.
(8) External reception and archiving facilities receive and archive downlinked SAR data.
(9) External processing facilities generate products primarily for their local users.
The last three types of external facilities (7, 8, and 9 ) are often grouped together and are typically called network stations.
Ground segment key features
The RADARSAT-2 ground segment provides the following main enhancements over RADARSAT-1 to improve the operability and responsiveness to customer needs:
(1) Reduced mission planning time required for imaging requests -The time between submission of an order and the time that the related commands are ready for uplink to the spacecraft could be as little as 6 h.
(2) Rapid feasibility checking -When CSRs place orders on behalf of end users for imaging, the ground segment is able to detect conflicts immediately and provide feedback to the CSRs to assist them in finding feasible imaging times.
(3) Support for the commercial operations of RADARSAT-2 -The ordering and acquisition planning system is designed to support these operations. The experience gained with RADARSAT-1 operation was used as a guide.
(4) Automated data reception and archiving chain -This allows reductions in time required from image reception to distribution to the customer. After reception of the image data, the ground segment will be able to produce and distribute a representative set of eight products to the customer in under 90 min.
(5) Improved operability and maintainability through the use of MacDonald, Dettwiler and Associates Ltd. (MDA) standard multimission earth observation system components -These same components support the construction or upgrade of network stations for almost every civilian earth observation mission.
(6) Balance of automation with manual control -This is achieved through careful decisions of where automation is required to meet the performance required and by making sure sufficient manual tools are available to allow operators to manage and understand the system and deal with anomalies.
Ground segment architecture
The ground segment is broken down into eight subsystems as shown by the shaded boxes in Figure 2 . The decomposition is designed to break the ground segment into modular, distributed subsystems with high cohesion within subsystems and low coupling between them.
Where possible, the existing RADARSAT-1 ground segment facilities and infrastructure are reused. For example, the existing TT&C and reception facilities are reused. For most of the other ground segment functions, new or upgraded components are provided. The major locations of ground segment installations are shown in Figure 3 .
At MDA/RSI headquarters in Richmond, B.C., MDA and RSI personnel and equipment provide order management and image quality capabilities. Equipment and personnel for acquisition and reception planning and spacecraft control are located at St. Hubert, Que. There are two TT&C stations, one at St. Hubert, Que., and one at Saskatoon, Sask. Downlink of SAR data via X-band is received at the Prince Albert Satellite Station and the Gatineau Satellite Station, both operated by the Canada Centre for Remote Sensing (CCRS). The processing and distribution subsystem operated by RSI is also located at the Gatineau Satellite Station. A high-speed link between Gatineau and Prince Albert allows the SAR processor to access data from Prince Albert. In Ottawa, CCRS operates the Canadian Earth Observation Satellite Acquisition Management (CEOSAM) system and the Canadian Earth Observation Catalogue (CEOCat).
The principle features of each subsystem are described in the paragraphs that follow.
Order handling subsystem (OHS)
The OHS accepts and handles orders for RADARSAT-2 acquisitions and products and is composed of four major components.
An acquisition planning tool (APT) is provided that allows end users and CSRs to visualize SAR data acquisitions and products. Users are able to enter a region of interest and then plan a SAR imaging scenario. The APT includes a built-in catalog search function that supports searches for stereogrammetric and interferometric pairs. This tool is implemented as an upgrade to the RADARSAT-1 swath planning application.
Orders are entered by CSRs using the Web-based order desk component of the OHS. The order desk provides secure and distributed access to order entry, tracking, and management functions and ensures that orders comply with access control permissions (geographic and temporal) and commercial rules.
The order management system (OMS) component of the OHS executes the orders by tasking the other ground segment subsystems as needed (e.g., acquisition and reception planning subsystem (ARPS), processing and distribution subsystem (PDS)). This component is implemented as an upgrade to the MDA existing multimission OMS component.
The RADARSAT-2 catalog is provided via an upgrade of the existing CCRS CEOCat catalog system, which is available for browsing by end users on the Internet both directly and via the GeoConnections Discovery Portal (formerly known as CEONet). CEOCat hosts the worldwide catalog of archived RADARSAT-2 data that are available for order (not just the Canadian archive, as is the case for RADARSAT-1).
Additional information on the OHS can be found in Morena et al. (2004) .
Acquisition and reception planning subsystem (ARPS)
The ARPS provides the functions necessary to plan the SAR imaging and reception (downlink) activities for RADARSAT-2 and maintains the master schedule of activities, taking into account spacecraft resources and constraints. ARPS accepts imaging and downlink requests from the OHS, checks their feasibility, and inserts them into the plan. All scheduled activities are checked to verify that they do not violate any spacecraft resource constraints. ARPS generates acquisition schedules (for the spacecraft control subsystem (SCS)) and reception schedules (for RAS and external reception facilities) and manages downlink decryption keys and issues keys to reception facilities.
The ARPS is a new development and is implemented using the same generic Planning Toolkit (PTK) software that is used as the basis for the spacecraft planning and scheduling component of the SCS. Additional information on ARPS can be found in Morena et al. (2004) .
Spacecraft control subsystem (SCS)
The SCS controls the operation of the RADARSAT-2 spacecraft. It is located at the Canadian Space Agency (CSA) headquarters in St. Hubert, Que., and consists of four primary components.
The spacecraft planning and scheduling component (SPS) maintains the overall spacecraft activity plan. The SPS informs ARPS of constraints, accepts schedules of acquisition and downlink activities from ARPS, and merges these with other spacecraft activities (e.g., housekeeping and maintenance activities). The SPS performs the final check of planned activities against spacecraft resource constraints and translates higher level activities into the sequence of spacecraft commands required to execute those activities. SPS is implemented using the same Planning Toolkit software as the ARPS.
The commanding and analysis component (CA) manages real-time contacts with the spacecraft to uplink telecommands and downlink telemetry. The CA formats and sends real-time and time-tagged commands to the spacecraft. It receives and analyzes both real-time telemetry and telemetry that covers periods where the spacecraft was out of ground station contact. All command and telemetry data are archived, and tools are available for off-line analysis and calibration of spacecraft performance. Pass operations are controlled by executing predefined procedure scripts. Interfaces are provided to the Canadian TT&C facilities and to external TT&C facilities that augment those in Canada for supporting launch and commissioning activities and assisting in handling of spacecraft contingencies. The CA component is based on the standard European Space Agency (ESA) SCOS 2000 spacecraft control software, upgraded for RADARSAT-2 by Terma GmbH.
The orbit determination and maneuver planning component (ODMP) is responsible for maintaining the RADARSAT-2 orbit characteristics. The ODMP generates predicted and definitive orbit data based on data from the onboard global positioning system (GPS) receivers or from range and rangerate data in case of onboard GPS failure and provides tools to plan maneuver activities to maintain the nominal orbit characteristics. ODMP is based on the OASYS flight dynamics software package from Integral Systems.
The Crypto PC component securely stores the telecommand uplink encryption keys and SAR data downlink encryption/decryption keys. The Crypto PC is used during pass operations to securely insert downlink encryption keys as needed into telecommands and to encrypt and handle authentication signatures for telecommands.
Additional information on the SCS can be found in Payne and Yung (2004) .
Telemetry, tracking, and command subsystem (TTCS)
The telemetry, tracking, and command subsystem (TTCS) consists of the two Canadian TT&C stations at St. Hubert and Saskatoon. Each station includes the radio frequency (RF) and antenna equipment that allow the exchange of commands and telemetry with the RADARSAT-1 and RADARSAT-2 spacecraft via an S-band link. The TTCS also performs ranging to determine spacecraft position in case of on-board GPS failure. The antennas and RF equipment are reused from RADARSAT-1. The main upgrade consists of the addition of a new front-end processor from Enertec SA. The front-end processor is a multimission component that supports a number of communications protocols and modulation schemes.
Simulator subsystem (SIM)
The simulator subsystem (SIM) provides a spacecraft and TTCS simulation capability that is used for operations procedure development and testing, training of operations staff, conducting exercises and rehearsals, testing ground system components, and assisting in the diagnosis and recovery of spacecraft anomalies. The SIM incorporates an emulation of the on-board processor and is able to run the Spacecraft Bus integrated control subsystem (ICS) flight software. The other on-board bus units and the payload and ESS are represented in software models. SIM is connected to the SCS and supports pass operations in the same way as the real TTCS and spacecraft.
The SIM is developed under the ESA SIMSAT-2000 architecture, which provides a suite of generic models and a run-time kernel suitable for supporting complex real-time spacecraft simulations. The models cover the interface protocols to the SCS and the space environment that influences the spacecraft behavior (planetary body positions, solar flux, magnetic field, gravitational models, and rigid-body dynamic models). The SIM is developed by a team of Alenia Spazio and Vega GmbH.
Reception and archiving subsystem (RAS)
The reception and archiving subsystem (RAS) receives and archives the X-band downlink SAR data and is built in cooperation with CCRS. It incorporates existing CCRS equipment and will be owned and operated by CCRS. As shown in Figure 4 , the RAS components support other remote sensing missions in addition to RADARSAT-2.
The RAS includes upgrades at the two receiving stations at Gatineau and Prince Albert. The upgrades provide a substantially higher level of automation for both RADARSAT-2 and the other missions supported by the stations. At each station the RADARSAT-2 downlink data are recorded on computer recorders and also on tape for redundancy. The data are split into archive segments and stored in a long-term archive for future use. The archive employs a hierarchical storage management system that uses tape robotics for long-term data storage. If the SCS/ARPS supplied decryption keys are available, the RAS decrypts the SAR data or otherwise stores the encrypted data. The RAS provides SAR data to the PDS upon request via an electronic link. All decrypted data are processed by an acquisition cataloging system that produces metadata and browse images for entry into the RADARSAT-2 catalog. The RAS station upgrades are implemented using the MDA standard multimission components.
The system at CCRS headquarters in Ottawa that controls the operation of the two receiving stations (CEOSAM) is also undergoing a major upgrade.
Processing and distribution subsystem (PDS)
The processing and distribution subsystem (PDS) contains the SAR processor that processes the X-band downlink data generating the standard set of RADARSAT-2 products for distribution (see Thompson and McLeod, 2004) . Products are then delivered either directly to electronic product recipients (via file transfer protocol (FTP)) or to a delivery manager who then packages the product for electronic forwarding or physical shipping to the end user. The PDS is sized to support the fast turnaround processing requirements and is able to generate multiple products in parallel and can complete most products in about 5 min. The processor image quality requirements have been tightened in a number of cases from those of RADARSAT-1. The output products are delivered in a userfriendly format that uses the standard extensible markup language (XML) and GeoTIFF standards. The PDS is built using the MDA standard multisensor production generation system and as such will handle both RADARSAT-1 and RADARSAT-2 products.
Image quality subsystem (IQS)
The image quality subsystem (IQS) provides a set of tools to measure and maintain the calibration and quality of the RADARSAT-2 products. The IQS analyzes image products to measure impulse-response, geometric, radiometric, and polarimetric characteristics. The results of these measurements are used to calculate the parameters that are used by SAR processors to generate products that meet the overall image quality requirements. Examples of such parameters are beam patterns and polarimetric correction matrices. If required, the IQS can also generate updated beam and pulse information that can be uploaded to the spacecraft. In addition to the software tools, the IQS also includes a set of passive point targets that are imaged by the satellite and used for impulse-response and geometric measurements. The IQS (Luscombe, 2004 ) is a new development that reuses some parts of the RADARSAT-1 image data quality workstation (IDCW).
Overall scenario
Figure 5 depicts a typical operational scenario for the ground segment starting with an end-user order for SAR data and ending with the product being delivered to the end user. Steps 1-13 are outlined as follows:
(1) An end user places a request with a CSR. The end user and CSR work together to select the appropriate type of SAR imaging to suit the needs of the end user.
(2) The CSR enters the order using the Web-based ordering capabilities of the OHS. The OHS checks the order and validates it against the access control restrictions. As the order progresses through the system the CSR and end user can interact with the OHS to track the progress of the order.
(3) The OHS sends approved acquisition requests to the ARPS. The ARPS immediately checks the feasibility of the request by verifying that the radar is available during the required time period. The ARPS operator periodically performs long-term planning of all new acquisitions. During the next such planning cycle, the full resource needs of the new acquisition are calculated and checked for feasibility. If there is a conflict, the lowest priority acquisition is removed from the plan. The concept for the long-term planning cycle is that this process will iteratively identify and address the majority of acquisition planning issues (e.g., spacecraft resource constraint violations) as they arise, well in advance of the shortterm planning cycle. A few days prior to the imaging time, acquisitions enter a "confirmed" state in which they are protected from being bumped by all but emergency requests. All acquisition state changes in the ARPS are reported back to the OHS.
(4) The ARPS operator performs a short-term planning cycle twice a day to finalize schedules for 6-12 h time periods that begin only a few hours in the future. During this planning cycle, a final constraint check is made and the latest predicted orbit data are used to adjust the exact time of the activities. An acquisition schedule that describes all required spacecraft activities in the time period is generated and forwarded to the SCS.
(5) At the same time as the generation of the acquisition schedule, reception schedules that describe the X-band downlink activities are generated for each reception station. Previously during the ARPS long-term planning, draft versions of these schedules (called advance reception plans) had already been sent.
(6) Like ARPS, the SCS performs both long-term and shortterm planning. The SCS long-term planning primarily involves planning for spacecraft maintenance activities. During the SCS short-term planning the acquisition schedule from the ARPS is ingested and merged with other planned spacecraft activities. The activities within the appropriate time period are formally scheduled and constraint checked, with any identified constraint violations addressed, and pass products are generated for spacecraft tasking. Pass products consist of executable procedures for managing the contact with the spacecraft and include lists of spacecraft time-tagged commands that will control future imaging and downlink activities. During the satellite pass, the SCS uses pass products to control the sending of real-time and future time-tagged commands to the spacecraft. The commands are uplinked to the spacecraft via the TT&C stations and the S-band link.
(7) The spacecraft executes the programmed imaging commands and downlinks the data to the ground as programmed, either in real time as the image is being acquired or from data stored on the on-board recorders.
In the reception facility the downlinked data are recorded according to the reception schedule the facility received from the ARPS. The data are decrypted (if the decryption key is available) and stored in the archive.
(8) The reception facility sends a reception report to the ARPS that reports on the data received and any reception problems.
(9) In cases where the access control rules prescribed a delay before the data can be made available, the ARPS will use a different decryption key for those data and will only forward the decryption key to the reception facility once the delay has expired.
(10) Once the data are in the archive, the RAS sends an archive storage report to the OHS to indicate that the data are ready to be processed.
(11) The OHS sends a product order to the PDS. The PDS fetches the raw data from the RAS, generates the product, and notifies the OHS.
(12) The PDS makes the product available to the end user.
(13) The RAS processes archived data to generate descriptive metadata and browse images, which are sent to the OHS for entry in the catalog. The catalog is available to users via the Internet.
Principle features and design decisions
This section describes some of the principle features and decisions that are incorporated into the ground segment design. In particular, areas where functions differ from RADARSAT-1 are highlighted.
Distributed and secure order management
RADARSAT-2 order handling has been designed to accept orders from geographically distributed sites, to accommodate the various business partners, such as the Canadian Government, regional partners, network stations, distributors, and direct customers. Internet connectivity, protected by Internet security mechanisms, will enable representatives of these organizations to enter order data directly to the centralized order database at RSI in Richmond. Each user is associated with a customer service group (CSG), and security and access permissions will be grouped and applied by the CSG.
Timely feasibility status
The ground segment is designed to provide immediate feedback on the availability of the SAR payload to support the requested imaging. The acquisition planner uses the acquisition planning tool to create an acquisition plan consisting of a number of imaging activities. The acquisition planner can submit an acquisition plan to be checked against all existing planned acquisitions and receives in response a list of acquisitions that conflict with the existing plan. This provides immediate feedback on the need to replan, unlike the RADARSAT-1 concept, where such information is not available until 2 weeks before the acquisition. Acquisitions in conflict do not remain "planned". In cases of conflict, the highest priority acquisition is retained, and the lower priority acquisition is rejected and returned to the CSR for replanning.
Reduced order lead time
The deadline for submitting orders can be as late as about 12 h prior to the imaging period on the spacecraft. Emergency orders may be submitted as late as 8 h prior to the start of the imaging period. Imaging periods are normally 12 h long. This time between order submission and imaging is composed of (i) processing time in the OHS; (ii) the time for the ARPS, upon operator request, to check and schedule the activities and generate acquisition and reception schedules; (iii) in the SCS, the time for the SPS component, upon operator request, to check and schedule the activities and generate the required spacecraft commands for the next spacecraft commanding period, and the time for the CA component to prepare for the commanding pass; (iv) the delay before an uplink pass opportunity over the TT&C facilities; and (v) delays imposed by operational constraints (e.g., standard imaging periods, operator shifts).
Secure uplink and downlink
The primary requirements for RADARSAT-2 security are to assure positive control of the RADARSAT-2 spacecraft and provide commercial-grade encryption for the downlinked SAR data. Positive control of the spacecraft is assured by employing network security measures in the design of the ground segment intersite communications. In addition, commands uplinked to the RADARSAT-2 spacecraft will be strongly encrypted using the Crypto PC in the SCS. The spacecraft encrypts SAR data before transmitting them to the ground segment on the X-Band downlink. This prevents unauthorized use of the SAR data. Decryption keys are normally distributed to reception facilities prior to X-band downlink. In cases where access to the data is to be delayed, the decryption keys are distributed after the delay has expired. For privacy reasons, downlink keys are encrypted in transit.
Fast turnaround product delivery
Users can request fast turnaround service. The ground segment will prioritize the reception, archiving, and processing of fast turnaround requests, doing these first before any routine priority requests. For example, the hardware and software included for reception, archiving, and processing can process a representative group of eight products (two ScanSAR scenes, one standard-beam scene, one wide-beam scene, one fine-beam scene, one standard quad-polarization scene, and two ultrafine scenes) within 90 min of the beginning of a downlink pass. The first product is available after about 30-45 min, depending on the size of the data segments. Raw data are made available from the RAS to the PDS via a network connection (LAN for the archive at Gatineau and high-speed WAN for the archive at Prince Albert).
Support for new or modified SAR modes
The RADARSAT-2 spacecraft is very flexible and is capable of a great many imaging configurations. A standard set of operating beams and modes has been chosen for normal commercial use. In the ground segment, the information that characterizes these beam/modes is treated as configuration data that originate in the IQS and are distributed to the other subsystems. These beam/mode definitions can be modified during operation. This allows modifications or additions to the standard set of SAR beam/modes to be accommodated. The same mechanism also allows for the definition and operation of experimental beams and modes. The access control functionality in the OHS allows the use of these beams to be restricted to privileged users. The Moving Object Detection Experiment (MODEX) is one such experimental imaging mode of RADARSAT-2 that is implemented under contract from the Department of National Defence.
Geographic coverage accuracy
The ground segment takes specific measures to ensure that the product delivered covers the geographic area that is requested in an order. This is particularly important for the narrow-swath RADARSAT-2 beams like quad-polarization and ultrafine. Long-and short-term predicted orbit and a digital elevation model (DEM) can be used in the graphical acquisition planning tool that is part of the OHS. The ARPS adjusts the imaging times using the latest predicted orbit and uses DEM heights to calculate sampling window positions prior to sending the acquisition schedule to the SCS for execution. Geographic coordinates of the user-requested frame are passed to the PDS and are used to determine which data to process and again later for a quality-control check prior to delivering the product. The processor also uses DEM height information during processing.
Support for network stations
The ground segment provides a complete set of interfaces that allow external facilities to order, receive, and process RADARSAT-2 data. These interfaces are shown in Figure 6 . The interfaces are designed to be simple and use standard technologies. XML is the format for data representation. Most interfaces consist of XML messages transferred via FTP initiated by file-transfer agents separate from the application software. This form of interface design speeds up integration and allows for more robust operations.
